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Introduction {#sec1-1}
============

Alzheimer's disease (AD) is one of the most common neurodegenerative disorders, and pathologically defined by accumulation of extracellular amyloid-beta (Aβ) peptide and aggregation of intracellular hyperphosphorylated tau protein in the hippocampus and cerebral cortex (Chu, 2012; Soldano and Hassan, 2014; Ossenkoppele et al., 2015). The β-amyloid precursor protein (APP) can be cleaved in two different pathways, amyloidogenic or non-amyloidogenic, and involves three different secretases: α-secretase, β-secretase, and γ-secretase (Roberts et al., 1994; Zhou et al., 2011; Lin and van der Wel, 2014). Under normal physiological conditions, APP can be cleaved by α- and γ-secretases (Epis et al., 2012; Postina, 2012; Wu et al., 2017). However, during amyloidogenic processing, APP is sequentially cleaved by β- and γ-secretases to mainly generate Aβ~38~, Aβ~40~, and Aβ~42~ fragments (Okochi et al., 2013). At present, more than 30 coding mutations in the APP gene have been found. Approximately 25 of these coding mutations are pathogenic and most cause Alzheimer's disease (St George-Hyslop, 2000). APP mutations can either increase Aβ accumulation or augment the rate of Aβ~42~/Aβ~40~ formation (Bertram et al., 2010; Bertram and Tanzi, 2012). Altogether, these findings provide strong support for the amyloid hypothesis of AD. Some reports have shown that the β C-terminal fragment of APP (β-CTF) can be cleaved by γ-secretase at an ε-site into longer fragments, specifically, Aβ~49~ and Aβ~48~. In turn, these long fragments can be cleaved by stepwise cleavage of every three amino acid residues at the C terminus (Qi-Takahara et al., 2005). These findings support the hypothesis that Aβ is cleaved through two Aβ product lines: Aβ~49--46--43--40~ and Aβ~48--45--42--38~, associated generation of specific peptides ITL-VIV-IAT and VIT-TVI-VVIA (He et al., 2010; Fernandez et al., 2016). During this process, specific peptides are generated.

Jonsson et al., (2012) found that A673T can protect against AD and cognitive decline in mild cognitive impairment. Data have also demonstrated that an alanine-to-valine substitution at position 673 (A673V) of APP may be recessively inherited. Further, A673V can significantly increase the rate of Aβ~42~/Aβ~40~ formation (Giaccone et al., 2010; Messa et al., 2014). The E693Q mutation (Dutch) substitution is located at position 22 in Aβ. This mutation commonly occurs during intracerebral hemorrhage and may enhance Aβ protofibril formation compared with APP-wild-type (WT) (Kumar-Singh et al., 2002; Nicholson et al., 2012; Knight et al., 2015). The E693K mutation (Italian family) is also located at position 22 in Aβ and has similar clinical features as E693Q (Nilsberth et al., 2001a; Bugiani et al., 2010). However, the mechanism of APP mutation on Aβ generation is still unclear. Therefore, investigating the mechanism of APP mutation in AD may provide better understanding of disease pathogenesis.

Here, we have integrated multiple methods to investigate four different APP physiological mutations plus a protective mutation that affects Aβ production through APP processing. First, enzyme-linked immunosorbent assay (ELISA) and western blot assay were performed to detect CTFs of APP and its subsequent product, Aβ. We then quantitatively analyzed specific peptides produced by the long Aβ cleavage pathway using a multiple reaction monitoring model. Finally, we used immunofluorescence to determine APP distribution in cell lines. These studies may help improve understanding of the underlying mechanisms of APP mutation on onset of AD.

Materials and Methods {#sec1-2}
=====================

DNA construction {#sec2-1}
----------------

Wild-type human APP695 (APP-WT) and beta-secretase 1 (BACE1)-myc-his plasmids were obtained from the Weihong Song Lab (University of British Columbia, Vancouver, Canada). Mutants of APP (specifically, A673T, A673V, E682K, E693G, and E693Q) were amplified by overlapping extension polymerase chain reaction (PCR) from pcDNA4.1/APP695 with appropriate primers ([**Table 1**](#T1){ref-type="table"}). PCR fragments were then subcloned into pcDNA4.1 vector with *Hin*dIII and *Xba*I.

###### 

Primers for overlapping extension PCR from pcDNA4.1/APP695

  Primer   Sequence                                                       Product size (bp)
  -------- -------------------------------------------------------------- -------------------
  A673T    Forward: 5′-GAA GTG AAG ATG GAT ACA GAA TTC CGA CAT GAC-3′     306
           Reverse: 5′-GTC ATG TCG GAA TTC TGT ATC CAT CTT CAC TTC-3′     1794
  A673V    Forward: 5′-GAA GTG AAG ATG GAT GTA GAA TTC CGA CAT GAC-3′     306
           Reverse: 5′-GTC ATG TCG GAA TTC TAC ATC CAT CTT CAC TTC-3′     1794
  E693Q    Forward: 5′-GGT GTT CTT TGC ACA AGA TGT GGG TTC AAA C-3′       516
           Reverse: 5′-GTT TGA ACC CAC ATC TTG TGC AAA GAA CAC C-3′       1584
  E682K    Forward: 5′-CCG ACA TGA CTC AGG ATA CAA AGT TAC TCA TCA A-3′   279
           Reverse: 5′-TTG ATG ATG AAC TTT GTA TCC TGA GTC ATG TCG G-3′   1821
  E693G    Forward: 5′-GGT GTT CTT TGC AGG AGA TGT GGG TTC AAA C-3′       516
           Reverse: 5′-GTT TGA ACC CAC ATC TCC TGC AAA GAA CAC C-3'       1584

Cell culture and transfection {#sec2-2}
-----------------------------

Human embryonic kidney 293 (HEK293) cells were obtained from the Weihong Song Lab, and maintained in Dulbecco's modified Eagle's media (Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (Gibco) and 1% penicillin/streptomycin (Gibco). Cells were transiently transfected with recombinant plasmids using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions.

Western blot assay {#sec2-3}
------------------

HEK293 cells were co-transfected with APP-WT or mutant and BACE1 plasmids for 48 hours. Transfected cells were then collected and lysed in lysis buffer (Applygen, Beijing, China) containing protease inhibitor cocktail (Roche, Basel, Switzerland) and 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF; Sigma-Aldrich, Saint Louis, MO, USA), followed by sonication. Supernatants were collected after centrifugation at 14,000 × *g* for 10 minutes at 4°C. Equal amounts of protein were mixed with 4× loading buffer and subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis with 16% Tris-tricine (Li et al., 2006; Schagger, 2006) or 10% Tris-glycine gels. Proteins were separated and transferred to polyvinylidene fluoride membranes (0.22 μm; Millipore, Billerica, MA, USA). After blocking with 5% milk, membranes were incubated overnight at 4°C with rabbit polyclonal C20 antibody (anti-C-terminus of human APP, 1:10,000; gift form Professor Weihong Song), mouse monoclonal BACE1 antibody (1:1000; R&D, Minneapolis, MN, USA), or rat monoclonal presenilin 1 antibody (anti-presenilin 1 N-terminus, 1:500; Millipore). Membranes were incubated with appropriate secondary antibody (goat anti-mouse/anti-rat/anti-rabbit, 1:8000; ZSGB-BIO, Beijing, China) at room temperature for 2 hours. Specific blots were detected using an enhanced chemiluminescence system (Thermo Fisher Scientific, Boston, MA, USA) and quantified with Image Lab^™^ Software (Bio-Rad, Hercules, CA, USA).

ELISA {#sec2-4}
-----

HEK293 cells were co-transfected with APP-WT or mutant and BACE1 plasmids (4 μg). Protease inhibitors (Protease inhibitor Cocktail Tablets, Roche) and 1 mM AEBSF were added 44 hours after transfection. Four hours later, conditioned media were collected. Secreted Aβ~1--40~ and Aβ~1--42~ levels in culture media were measured using sandwich ELISA kits (Invitrogen) according to the manufacturer's instruction.

Liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis {#sec2-5}
------------------------------------------------------------------

HEK293 cells were cultured to a confluency of \~70%. They were then transiently co-transfected with APP-WT or mutant and BACE1 plasmids. Protease inhibitors and 1 mM AEBSF were added 44 hours after transfection. Four hours later, cells were collected and immediately boiled for 2 minutes. Boiled samples were then sonicated for 3 minutes and centrifuged at 4°C. Supernatants were vacuumized and dissolved with liquid phase before LC-MS/MS analysis (Okochi et al., 2013).

A triple quadrupole mass spectrometer (6460; Agilent Technologies, Santa Clara, CA, USA) equipped with Agilent Jet Stream Technology accompanied by ultra-performance LC (Agilent 1260) was used to identify and quantify APP cleavage peptides. Peptides were separated using C18 columns (300 Å, 5 μM particle size, 50 mm ID × 150 mm bed length) and quantified by the multiple reaction monitoring mode, as described previously (Takami et al., 2009). The parameters are listed in [**Table 2**](#T2){ref-type="table"}.

###### 

Parameters of specific peptides and internal standard substances

  Peptides   Precursor ions (m/z)   Product ions (m/z)
  ---------- ---------------------- --------------------
  VVIAT      502.7                  199.2
  FLF        425.7                  261.2
  ITL        345.8                  215.2
  VIV        329.8                  185.2
  IAT        303.7                  185
  VIT        331.8                  185.1
  TVI        331.8                  173.1
  VVIA       401.2                  171.1

Immunofluorescence staining {#sec2-6}
---------------------------

HEK293 cell lines were cultured overnight in confocal dishes and transfected with APP-WT or mutant (2 μg) for 48 hours, fixed for 15 minutes in 4% paraformaldehyde, and permeabilized with 0.2% Triton X-100 in PBS. Cells were then blocked with blocking solution (5% normal goat serum in PBS) for 1 hour and incubated overnight at 4°C with primary antibody in blocking solution: mouse anti-APP antibody (1:500; Millipore) or rabbit anti-early endosome antigen 1 (EEA1) (1:200; Abcam, Cambridge, UK). After washing with PBS, cells were incubated for 1 hour at room temperature with fluorescent secondary antibodies: Alexa Fluor 488-goat anti-mouse IgG or TRITC-goat anti-rabbit IgG (1:200; Abcam), and then washed with PBS. Hoechst 33258 was used to stain the nucleus. Images were obtained by laser scanning confocal microscope (TCS SP5; Leica, Heidelberg, Germany).

Statistical analysis {#sec2-7}
--------------------

All statistical analyses were performed using GraphPad Prism 6 software (Prism, La Jolla, CA, USA). Each experiment was performed with at least three independent sets of samples. Data are presented as the mean ± SD. Comparisons of multiple groups were performed using one-way analysis of variance.

Results {#sec1-3}
=======

Effect of APP mutants on CTF generation {#sec2-8}
---------------------------------------

To examine the effect of APP mutants on CTF production, five different APP mutations were chosen (A673T, A673V, E682K, E693G, and E693Q) and transiently transfected with BACE1 plasmid into HEK293 cells. Equal levels of BACE1 expression were used to verify transfection efficiency by western blot assay (**Figure** [**1A**](#F1){ref-type="fig"} and [**C**](#F1){ref-type="fig"}). Transfected cell accumulated presenilin 1 (**Figure** [**1A**](#F1){ref-type="fig"} and [**E**](#F1){ref-type="fig"}), which is a component of the active part of γ-secretase. We also examined levels of APP and CTF production, especially CTF99. Expression of the five APP mutants led to a robust decrease of APP protein levels (**Figure** [**1B**](#F1){ref-type="fig"} and [**D**](#F1){ref-type="fig"}), suggesting that these mutations accelerate proteolytic cleavage. Moreover, CTF99 levels in cells with mutant A673V, E682K, or E693G were markedly higher compared with APP-WT cells. Further, CTF83 levels showed an increasing trend in cells with mutant A673T or E693G. These findings demonstrate that the A673T mutation tends to be cleaved by α- rather than β-secretase to produce CTF83. Consequently, this establishes the A673T mutation and makes APP less favorable for cleavage by BACE1. To quantify these changes, we calculated CTF99/CTF83 ratio. We found that protective variant, A673T, showed distinctively lower C99/C83 levels compared with APP-WT. Interestingly, the other mutations showed a higher C99/C83 ratio, suggesting these mutations are pathogenic and increase β-cleavage of APP. The only exception was E693G, which showed no change in C99/C83 ratio.

![APP mutations affect the APP cleavage pathway.\
Expression levels of APP, CTFs, BACE1, and presenilin1 (PS1) in HEK293 cells expressing vehicle, APP-WT, APP mutants A693T, A693V, E682K, E693Q, or E693G plasmids. (A) Western blot assay of cell lysates from HEK293 cell line transfected with APP mutations and BACE1. (B) APP and APP-CTFs in cell lysates. (C--F) Quantification results of BACE1 (C), APP (D), presenilin 1 (E), and CTF99/CTF83 (F). CTFs include CTF99 and CTF83. Data are expressed as the mean ± SD (one-way analysis of variance). \**P* \< 0.05, \*\*\**P* \< 0.01, *vs*. APP-WT group. APP: β-Amyloid precursor protein; WT: wild-type; HEK: human embryonic kidney; CTFs: C-terminal fragments; BACE1: beta-secretase 1.](NRR-14-658-g002){#F1}

APP mutations influence production of Aβ variants {#sec2-9}
-------------------------------------------------

Amyloid plaques are formed in AD brain by secreted Aβ peptides generated through sequential cleavage of APP (Sun et al., 2018a). Thus, in parallel to examination of accumulation of APP-CTFs in soluble lysates, we also examined secreted Aβ peptides by ELISA. Our results show that APP mutations change Aβ~42~/Aβ~40~ ratio by affecting Aβ variants. Three mutants (A673V, E682K, and E693Q) increased Aβ~42~ levels in conditioned medium. Among them, A673V and E682K visibly increased Aβ~40~ levels ([**Figure 2**](#F2){ref-type="fig"}). Furthermore, mutant E693G and A673T resulted in reduced Aβ~42~ and Aβ~40~ levels relative to APP-WT. Altogether, Aβ~42~/Aβ~40~ ratio revealed that different APP mutations change Aβ variants in distinct ways. A673T caused a 3.2-fold decrease in Aβ~42~/Aβ~40~ ratio. A673V and E682K markedly increased Aβ~42~/Aβ~40~ ratio. E693G and E693Q showed opposing results despite substitution at the same site. Specifically, E693G decreased Aβ~42~ and Aβ~40~ levels (although Aβ~42~/Aβ~40~ ratio was not significantly altered). Meanwhile, Aβ~42~ levels were markedly increased in cells with E693Q compared with E693G. Additionally, Aβ~40~ levels were not changed with E693Q; therefore Aβ~42~/Aβ~40~ ratio was increased. This indicates that APP mutations might not only be involved in CTF production but also Aβ cleavage.

![Effect of APP mutations on production of Aβ variants (enzyme-linked immunosorbent assay).\
HEK293 cells were transfected with APP-WT, or APP mutants (A693T, A693V, E682K, E693Q, or E693G) plasmids. (A) Secreted Aβ~42~ in conditioned medium was quantified by enzyme-linked immunosorbent assay. APP-A673T *vs*. APP-WT (*P* = 0.0006), APP-A673V *vs*. APP-WT (*P* = 0.0011), APP-E682K *vs*. APP-WT (*P* = 0.005), APP-E693G *vs*. APP-WT (*P* = 0.07), and APP-E693Q *vs*. APP-WT (*P* = 0.028). (B) Secreted Aβ~40~ in conditioned medium was quantified by enzyme linked immunosorbent assay. APP-A673T *vs*. APP-WT (*P* = 0.017), APP-A673V *vs*. APP-WT (*P* = 0.002), APP-E682K *vs*. APP-WT (*P* = 0.004), APP-E693G *vs*. APP-WT (*P* = 0.004), and APP-E693Q *vs*. APP-WT (*P* = 0.18). Data are expressed as the mean ± SD (one-way analysis of variance). \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, *vs*. APP-WT group. APP: β-Amyloid precursor protein; Aβ: amyloid-beta; WT: wild-type; HEK: human embryonic kidney.](NRR-14-658-g003){#F2}

APP mutants differ in specific Aβ cleavage processes {#sec2-10}
----------------------------------------------------

From our above findings, we have shown a distinct impact of APP mutations on generated Aβ variants. This is a novel finding, and we felt it important to examine the impact of these substitutions on Aβ cleavage itself. Previous studies have shown two distinct lines of Aβ cleavage, in which one produces Aβ~49~, Aβ~46~, Aβ~43~, and Aβ~40~ peptides and the other produces Aβ~48~, Aβ~45~, Aβ~42~, and Aβ~38~ peptides (He et al., 2010). Based on this, we examined tripeptide and tetrapeptide production by stepwise cleavage of long Aβ~49~ and Aβ~48~. Our results show distinct levels of VVIA/42--38 peptides relative to total small peptides, suggesting that APP mutants affect selective γ-secretase cleavage of long Aβ. Accordingly, A673T and E693G promote relative VVIA production rate. In contrast, A673V, E682K, and E693Q decreased relative VVIA production rate compared with APP-WT ([**Figure 3A**](#F3){ref-type="fig"}). Further, A673V and E682K increased relative rate of IAT peptides, which was reduced with A673T and showed no significant change with E693G and E693Q ([**Figure 3B**](#F3){ref-type="fig"}). During Aβ~48--38~ and Aβ~49--40~ formation, our data showed that apart from the E693G mutant, different mutations did not affect sequential cleavage of Aβ~48~ to Aβ~42~ or Aβ~49~ to Aβ~43~ but mainly affected cleavage of Aβ~42~ to Aβ~38~ and Aβ~43~ to Aβ~40~ in distinct ways (**Figure** [**3C**](#F3){ref-type="fig"} and [**D**](#F3){ref-type="fig"}). E693G markedly inhibited Aβ~48--38~ and Aβ~49--40~ cleavage pathways. LC-MS/MS results of A673T, A673V, E682K, and E693Q were consistent with our ELISA results. However, LC-MS/MS results were slightly different from our ELISA data for E693G. Under physiological conditions, APP can be cleaved by α-secretase and form CTF83, which can also be cleaved by γ-secretase at the same site as CTF99 and generate small specific peptides. Therefore, we speculated that CTF83 cleavage for this mutant is mostly attributable to the level of small peptide detection, which is reflected in our western blot assay results ([**Figure 1B**](#F1){ref-type="fig"}).

![Effect of APP-WT and APP mutations on long Aβ cleavage by LC-MS/MS.\
HEK293 cells were transfected with BACE1 and APP-WT or APP mutants (A673T, A673V, E682K, E693G, and E693Q). (A) Relative VVIA levels in cell lysates. (B) Relative IAT levels in cell lysates. (C) Relative VIT, TVI, and VVIA levels in cell lysates during Aβ~48--38~ formation. Results are expressed as a ratio of APP-WT. (D) Relative ITL, VIV, and IAT levels in cell lysates during Aβ~49--40~ formation. Results are expressed as a ratio of APP-WT. Data are expressed as mean ± SD, and analyzed by one-way analysis of variance. \**P* \< 0.05, \*\**P* \< 0.01, *vs*. APP-WT group. APP: β-Amyloid precursor protein; Aβ: amyloid-beta; WT: wild-type; LC-MS/MS: liquid chromatography-tandem mass spectrometer; HEK: human embryonic kidney; BACE1, beta-secretase 1.](NRR-14-658-g004){#F3}

APP mutations cause APP protein localization in different cellular regions and affect APP processing {#sec2-11}
----------------------------------------------------------------------------------------------------

Based on our data, we have shown that four pathogenic mutants and one protective variant (A673T) have practically distinct effects on APP cleavage and CTF production. Specifically, APP is processed through two lines to separately produce CTF83 by α-secretase and CTF99 by β-secretase. α-Secretase is particularly enriched at the cell surface and competes during APP processing with BACE1, which is rich in the trans-Golgi network and endosomes (Zhang and Song, 2013). Therefore, cellular location of APP protein is associated with cleavage processing and CTF specificity. As shown in [**Figure 4**](#F4){ref-type="fig"}, the majority of APP-WT protein localized to cell membranes. In comparison, APP with A673T mutation was uniformly distributed in the cytoplasm and plasma membrane, in which APP tends to proceed along α-cleavage within the non-amyloidogenic pathway, consistent with our western blot and LC-MS/MS data. A673T reduced APP cleavage and CTF99 generation, as well as Aβ. E693G was mainly distributed on the cell membrane and only slightly localized with EEA1. EEA1 is a marker for early nucleosomes, which are important locations for APP cleavage (Sun et al., 2018b). This may explain why E693G has no significant influence on rate of Aβ~42~/Aβ~40~. E682K was not distributed in cell membranes or early endosomes, which suggests that E682K can promote migration of APP to early endosomes and affect generation of Aβ. As shown in [**Figure 3**](#F3){ref-type="fig"}, we found that fluorescence intensity of E673V was lowest. Our data indicate that A673V can markedly promote the APP cleavage pathway, which is consistent with our previous western blot results. In general, APP mutations localized with a marker of early endosomes (EEA1), in which more APP was cleaved to produce Aβ prior to BACE1 cleavage.

![Expression of APP in the HEK293 cell line.\
HEK293 cells transfected with BACE1 and APP-WT or APP mutants (A673T, A673V, E682K, E693G, and E693Q). Double immunofluorescence of APP/APP mutations and EEA1 in HEK293 cells. APP or APP mutants are shown in green (Alexa Fluor 488) (arrows) and EEA1 in red (TRITC). The nucleus was stained with Hoechst 33258. Scale bars: 10 μm. APP: β-Amyloid precursor protein; WT: wild-type; HEK: human embryonic kidney; BACE1: beta-secretase 1; EEA1: early endosome antigen 1.](NRR-14-658-g005){#F4}

Discussion {#sec1-4}
==========

APP is a critical factor in AD. To date, more than 30 pathogenic mutations have been identified. Among them, the A673T mutation is the only one that protects against AD (Jonsson et al., 2012; Kokawa et al., 2015; Martiskainen et al., 2017; Lehtonen et al., 2018). Previous studies have shown that A673T can decrease β-processing and produce a less fibrogenic Aβ fragment (Benilova et al., 2014). In contrast, mutation of this residue to valine (A673V) is pathogenic (Di Fede et al., 2009; Giaccone et al., 2010). The APP Swedish mutation can shift APP cleavage, making this APP mutation a better BACE1 substrate and consequently promoting BACE1 cleavage and Aβ production (Citron et al., 1992; Rabe et al., 2011). Further, the Nilsberth group found that the E693G mutation increases Aβ protofibril formation (Nilsberth et al., 2001b). However, its exact role in familial Alzheimer's disease is still unclear.

In our experiments, five APP mutations were chosen to determine their effect on the APP cleavage pathway. The five mutations were located in the Aβ area. A673T as a protective mutation showed a different physiological role than A673V, despite the presence of both mutations at the same site. Both mutants were adjacent to the β-secretase site. The mutation, E682K, was adjacent to the β-secretase site. The mutation site, E693G/E693Q, was close to the γ-secretase site. Based on western blot assay, ELISA, and LC-MS/MS data, we found the following. (1) The protective mutation, A673T, decreases CTF99 levels but increases CTF83 levels by inhibiting BACE1 activity. This shifts the cleavage site from a β-secretase to α-secretase site. A673T has no impact on selectivity of Aβ~48--38~ and Aβ~49--40~ by γ-secretase. A673T changed Aβ~42~/Aβ~40~ ratio by elevating cleavage of VVIA and reducing cleavage of IAT. (2) A673V showed opposing results to A673T, and it increased CTF99, Aβ~42~, and Aβ~40~ levels and Aβ~42~/Aβ~40~ ratio and caused higher Aβ~48~ levels. LC--MS/MS data also showed that A673V changed Aβ~42~/Aβ~40~ ratio by reducing VVIA cleavage and increasing IAT cleavage. (3) E682K showed similar results as A673V but did not affect γ-secretase selectivity of Aβ~48--38~ and Aβ~49--40~. (4) Interestingly, E693G and E693Q did not show similar results, although they are substitutions at the same site. C99 and C83 levels were elevated and Aβ~42~ and Aβ~40~ markedly decreased by inhibition of the Aβ~48--42~ and Aβ~49--40~ cleavage pathways with E693G mutation. Taken together, these results indicate that E693G inhibits activity of γ-secretase. Additionally, E693G can also induce AD, because Aβ with E693G mutation forms a higher rate and larger quantity of protofibrils compared with Aβ from APP-WT (Nilsberth et al., 2001b; van der Kant and Goldstein, 2015). (5) With mutant E693Q, C99 and C83 levels declined. However, C99/C83 ratio and Aβ~42~/ Aβ~40~ ratio were slightly elevated.

It is widely believed that AD is caused by a shift in balance between two pathways (non-amyloidogenic and amyloidogenic), which leads to increased Aβ generation (Wang et al., 2012; Triaca and Calissano, 2016). Some researchers have reported that non-amyloidogenic processing occurs mostly at the cell surface, while amyloidogenic processing occurs within intracellular compartments (Fragkouli et al., 2011; Soldano and Hassan, 2014). Immunofluorescence data suggest that APP-WT is largely located at the cell surface. APP-WT with A673T mutation is located at both the cell surface and body, but we did not observe A673T localization with the early endosome marker, EEA1. With A673V, E682K, E693G, and E693Q mutations, we found APP largely intracellular, and more importantly, could localize with EEA1. This means that these APP mutations promote APP transport to early endosomes and interact with BACE1 to generate Aβ.

In future studies, we will use primary cultured neurons to investigate the effect of APP mutations on APP hydrolysis, which occurs in the Golgi apparatus, early endosome, late endosome, lysosomes, and proteasome. Further verification of our results will provide a basis for the pathogenesis of Alzheimer's disease.

To conclude, mutations in APP (except A673T) accelerate Aβ generation by affecting long Aβ cleavage, resulting in altered Aβ~42/40~ in familial Alzheimer's disease and ultimately causing dementia. Among these methods, our results are consistent with each other. Our results are useful for in-depth understanding of the mechanism of APP mutations. Moreover, these methods can be used to investigate other mutations.
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